Performance of three-dot bisection was determined as a function of the feature separation at eccentricities of 0-10 deg along the inferior vertical field meridian by using dot stimuli scaled in size to compensate for eccentricity. For these briefly flashed dot stimuli, the entire function of three-dot bisection acuity against dot separation worsens away from the fovea with a single scaling factor that is compatible with the change of the cortical magnification factor in area V1. When the presentation duration of the stimulus was lengthened from 150 msec to 1 sec, the improvement was much greater in the fovea than at 10-deg eccentricity for closely separated stimuli. We attribute this difference to a luminance cue (detection of a brightness change) that is present for a long stimulus duration at small separations in the fovea, but not in the periphery.
INTRODUCTION
Vision scientists have sought to relate the systematic and linear change of many spatial thresholds across the visual field to the underlying gradients of the optical, anatomical, and physiological structures.' Until recently, it was hypothesized that ganglion-cell density is directly proportional to the primary cortical projection area. 2 ' 3 For example, peripheral and foveal contrast-sensitivity functions can be made comparable by scaling the size and the spatial frequency of the stimulus to the ganglion-cell sampling mosaic. 2 Similarly, the change in the minimum angle of resolution with eccentricity is consistent with that of color-opponent (P beta) ganglion-cell separation 4 and receptive-field size of striate cortical cells. 5 However, recent and precise estimates of the extent of striate cortex (in millimeters) representing each degree of the visual field (the cortical magnification factor) in the fovea and periphery- 7 show that the inverse cortical magnification factor changes much faster with eccentricity than does the square root of ganglion-cell density.
For eccentricities of less than 20 deg, the dependence of both behavior and anatomy on eccentricity may be summarized by T = Tf (1 + E/E 2 ), where T is the behavioral threshold or anatomical measurement at a given eccentricity E, Tf is the threshold or measurement at the fovea, and E 2 is the eccentricity at which Tf is doubled. 8 For contrast-sensitivity functions and for resolution, E 2 has been determined to range from 2.2 to 8 deg.8-1" Similarly, E 2 (Ref. 12 ) for ganglion-cell separation has been calculated to be approximately 1.7-2.5 deg.
9 "1 3 In contrast, for vernier acuity, E 2 has been found to range from 0.6 to 0.8 deg and, for the inverse cortical magnification factor, from 0.3 to 1.0 deg.5 8 Vernier acuity has long been shown to deteriorate from the central to the peripheral field.' 4 The abutting-line vernier-acuity thresholds and the threshold-elevating effect of masking flanks on line vernier acuity have been shown to increase with eccentricity at the same rate as the dropout of striate representation up to 10-deg eccentricity in the perifoveal field. 8 This result is consistent with other evidence suggesting that vernier acuity is limited by cortical processing; the vernier task is effectively masked under dichoptic conditions. 8 1 5 While there is recent evidence to suggest that individual ganglion cells are capable of signaling tiny positional changes,1 6 it is unlikely that a single ganglion cell could accurately signal a vernier offset in a briefly presented target moving at 4 deg/sec; however, human observers have no difficulty performing this task.1 7 If hyperacuity thresholds result from cortical processing, performance of a different positional task yielding hyperacuity thresholds in the fovea should also show the same rate of change away from the fovea as in vernier acuity. To investigate this possibility, we chose three-dot bisection, a task in which the test feature is offset along the same line as the separation of the reference features. Not all hyperacuity tasks can be normalized for the drop in performance away from the fovea by using a single multiplicative factor.1 8 Although the functions of vernier threshold elevation against flank separation and of abutting-multiple-line vernier acuity against interline separation scale to a single factor in the perifoveal field, 8 this is not true for the functions of two-dot vernier against dot separation: The optimal threshold at each eccentricity increases more rapidly away from the fovea than does the corresponding separation.1 8 In the two-dot vernier task, the dots were separated along a line orthogonal to the direction of test-feature offset,1 8 while, in the abutting multiple line-vernier task and the flanked-vernier .task, the separations of the lines or masking flanks were measured along the direction of stimulus offset. 8 These results suggest that, for tasks in which other features are present along the direction of feature offset, e.g., as in the three-dot bisection task, the functions of threshold against separation should scale to a single factor.
We determined performance of three-dot bisection as a function of the feature separation at eccentricities of 0-10 deg along the inferior vertical field meridian. We used dot stimuli (which were actually small rectangles), scaled in size to compensate for eccentricity, to achieve equal cortical representation. To minimize the effect of eye movements, the stimulus was flashed briefly. We found that, for these briefly flashed dot stimuli, the entire function of three-dot bisection acuity against dot separation worsens away from the fovea with a single scaling factor that is compatible with the change of cortical magnification in area VI. When the presentation duration of the stimuli was lengthened from 150 msec to 1 sec, the improvement was much greater in the fovea than at 10-deg eccentricity for closely separated stimuli. Thus for long durations the single scaling factor is not compatible with the data. We attribute this difference to a luminance cue that is present for a long stimulus duration at small separations in the fovea, but not in the periphery.
METHODS
Two experienced normal observers performed horizontal three-dot bisection after doing approximately 1000 practice trials at each retinal locus to be tested. Each subject viewed with the right eye, under bright overhead fluorescent lights, using natural pupils. Observer DL is a corrected low myope, while observer YY is emmetropic in the viewing eye. Head movements were minimized with the use of a head support and chin rest.
The task of the observer was to judge the position of the test dot when it was presented briefly (150 msec) in one of five positions between two horizontally separated and continuously displayed reference dots. The five positions were equally spaced about (and included) the bisection midpoint. The dimensions subtended by each dot for the smallest separations at the fovea were 14 sec by 1.2 min (Fig. 1 ).
These stimuli were generated on the monitor of a Commodore 2001 computer with a green phosphor that had been modified to allow the screen height to range from 1.64 to 9.6 cm. Precise control of stimulus separation was thus obtained in this direction, i.e., for vertically aligned dots. A dove prism was used to change the orientation of the stimuli from vertical to horizontal. Each experimental run consisted of 125 trials. The order of presentation of the test dot was random with respect to each of the five possible positions. The observers rated the direction and magnitude of displacement of the test dot from the midcenter using a scale of-2,-1, 0, +1, +2. Feedback about the direction and magnitude of offset was given after each trial. Observers began each run with approximately 10-20 practice trials. These psychophysical procedures have been described in detail elsewhere.' 9 '
20 Thresholds for discrimination of the position of the test dot were obtained by calculating a maximum-likelihood estimate of the d' values for each stimulus and interpolating to a d' = 0.675, i.e., these thresholds are determined at a 75% correct level.1 5 Data points were obtained by calculating the arithmetic mean of thresholds from 3 to 6 runs, each weighted by its inverse variance. The precision of bisecting the space between the two reference dots was measured as a function of the separation of the reference dots in the fovea and at eccentricities of 2.5, 5, and 10 deg along the inferior vertical field meridian.
SCALING
For perifoveal viewing, stimuli were scaled in size in order to compensate for the change in the cortical magnification factor with eccentricity. Scaling the stimulus is important because, as we have argued elsewhere, the periphery requires extra samples in order to be comparable with the fovea. 2 1 In the main experiment, the physical stimulus was kept constant at all eccentricities, but the viewing distance for perifo- order to achieve some of the widest separations, the viewing distance had to be halved or quartered at all eccentricities. Because this difference in viewing distance produced stimuli that were larger, these thresholds are distinguished by dif- 
CONTROL EXPERIMENTS ON THE EFFECT OF SCALING
To test the effect of our scaling procedure, thresholds were measured at an eccentricity of 2.5 deg for the following conditions:
(1) At a separation of 12.5 min, using either the scaled viewing distance of 2.03 m or a longer viewing distance of 8.46 m (=the foveal distance). We found that this threefold increase in viewing distance resulted in a 60% increase in the threshold value [ Fig. 3(a) , boxed triangles]. This value is compatible with the 72% (square-root-of-3 factor) increase expected from sampling considerations. 2 1
(2) At a separation of 70 min, using either the scaled viewing distance of 2.03 m or a shorter viewing distance of 1.0 m. The halving of the viewing resulted in a 40% reduction in the threshold [ Fig. 3(a) , boxed triangles]. This result also agrees with the square-root-of-2 factor expected from sampling considerations. 2 1 We conclude from these control experiments that scaling of the stimulus size does affect performance in the perifoveal field. Changing the viewing distance has several effects, including an increase in both the length and the width of the stimulus. However, experiments on two-dot width judgments in the fovea and at 2.5-deg eccentricity, using a stimulus composed of a variable number of samples, show that only samples along the length of the stimulus aid performance in accordance with the square root of the number of samples; those added along the width do not help. 21 Although our stimuli were clearly visible at all eccentricities, the peripheral stimuli were brighter than the foveal stimuli as a consequence of our method of scaling. To see if the fovea was at a disadvantage in comparison with the periphery, we repeated our foveal measurements for separations of 20, 30, and 50 min with a sevenfold reduction in width (directly related to luminance). None of the thresholds was significantly altered by this change in width, implying that the foveal stimuli were not degraded relative to the perifoveal ones.
RESULTS
The influence of the separation of the reference dots on the bisection thresholds is shown in Figs. 2(a) and 2(b) for observers YY and DL, respectively. When plotted on log-log axes, foveal thresholds (represented by the circles) first descend with increasing separation of the reference dots to a minimum value (15 sec for observer DL and 18 sec for observer YY) at a separation of 3-5 min between reference and test stimuli and then ascend for increasing separations of the reference dots. (We discuss below why our foveal thresholds are higher than bisection thresholds previously obtained using long lines and/or a long Where standard error (S.E.) bars are not shown, they are smaller than the symbols. These standard errors do not include between-run variability. The functions found at 2.5 (triangles), 5 (squares), and 10 (hexagons) deg perifoveally are similar in shape; however, the values of the perifoveal thresholds are higher, indicating that, on an absolute scale, performance worsens progressively into the periphery, despite compensatory scaling of the stimuli. As the eccentric viewing angle was increased, the optimal threshold was found to occur at progressively larger separations.
Because these functions of threshold against separation have the same form at all eccentricities, a simple V-shaped template was fitted to all but those data points determined at a different viewing distance using nonlinear regression (S.A.S. package). Each datum was weighted by its standard error. The fit was accomplished by using the following equations:
for S < Smin(E) and
T(E, S) = Tmin(E) + Ra[S
where T(E, S) is the log-threshold value at the log separation, S, at any eccentricity, E. Rd and Ra are the slopes for the descending and ascending branches of the function, respectively, on log-log axes. Tmin(E) and Smin(E) are the horizontal and vertical coordinates of the minimum-threshold value of the function at each eccentricity. The location of the minimum was assumed to scale according to
Tmin(E) = Tmin(0) + log(1 + E/E 2 1) and
where E 2 t and E 2 , are the scaling parameters for the thresholds and the corresponding separations. We examined the case when E2t was allowed to be different from E 2 S and also the case when E2t was constrained to equal E2,. The set of functions corresponding to equal values of E 2 t and E2, have been depicted in Fig. 2 as the lines fitted to the data points. with our expectations for a one-dimensional task, a single scaling factor is sufficient to superimpose performance of 3-dot bisection across all separations from the perifoveal field onto the fovea.
The scaling values obtained by our analysis are slightly smaller than the cortical scaling factor of 0.77 deg obtained from Dow et al. 5 Nonetheless, 0.77 deg still represents a reasonable approximation, as shown in Fig. 3 , where the perifoveal data are closely overlapped with the foveal data on log-log axes normalized to the effective eccentricity, E* = E + 0.77 deg, i.e., in the figure, both the thresholds and the separations have been expressed as a percentage of the effective eccentricity. Because the inverse cortical magnification factor is proportional to the effective eccentricity, E*, our results imply that a given area of the perifoveal cortex performs bisection as well as the same area of foveal cortex.
For both observers, as the separations become smaller than 10% of the effective eccentricity, the thresholds start to increase with a slope of -0.63 ± 0.14 for observer YY and -0.70 ± 0.28 for observer DL (Table 1) . We argue that it is not optical resolution that causes performance to deteriorate for feature separations smaller than 10% E* because the optics of the eye are reported to be similar in quality from 0 to 20 deg. 23 Any retinal cause for the worsening of performance at small separations is unlikely because the separation of 10% E* is too wide in terms of cone spacing for the retinal mosaic to limit performance, as shown by the following calculation. Assuming a cone separation of 30 sec in the fovea and 150 sec at 10-deg eccentricity, we can accommodate 9 cones at a separation of 10% E* in the fovea and 90 cones at 10 deg. Furthermore, using the same experimental setup and procedure, two-dot separation thresholds are much lower than the three-dot thresholds for these small separations from 0-to 10-deg eccentricity (to be published elsewhere). We shall discuss later why cortical masking, or "crowding," appears to be the most likely explanation for the behavior of the thresholds at small separations. For separations larger than the optimum, the thresholds of both observers increase with a slope of approximately 0.7 on log-log axes (Table 1) . We think that our performance follows a power-law behavior rather than Weber's law because the stimulus was not ideal in terms of either the stimulus duration or length; when a 1-sec stimulus duration is used in the fovea, three-dot bisection thresholds increase with a slope of 1 on log-log axes for separations larger than 3 min (see Ref. 8 , Fig. 3 ). For a stimulus duration of 150 msec, the functions of horizontal three-bar bisection versus bar separation showed a slope of 1 on log-log axes for separations larger than the optimum from 0-to 10-deg eccentricity. 21 When neither the duration nor the length is ideal, thresholds are elevated more at small rather than at large separations (Tables 2 and 3) , resulting in a flatter slope.
EXPERIMENT 2 Introduction and Methods
The results of the first experiment show that, for a brief stimulus duration, foveal and perifoveal performance are equivalent when specified with a cortical metric. However, foveal performance is poor under these conditions, and vertical three-dot bisection using the same procedure and equipment can be as low as 3 sec for a 1-sec duration. 8 To see whether peripheral performance would still scale for the longer stimulus duration, we compared performance by us-ing a 1-sec instead of a 150-msec stimulus duration for rations smaller than and larger than 10% E* in the fovei at 10 deg for both observers.
Rather than using the 0.77-deg scaling factor in e) ment 1, we chose the observers' empirical scaling fact( in experiment 1, with the exception of the dove prism's being replaced by turning the monitor on its side. In addition, observer YY practiced three-dot bisection in the fovea and 10-deg eccentricity using a 3-and 1-sec stimulus duration until asymptotic performance was reached.
r YY, Results idual To enable our results at the fovea to be compared easily with those at 10 deg, we have presented them in two ways: as fractions of the effective eccentricity, E* = E + 0.77 deg (Fig.  4) , and as fractions of feature separation (Tables 2 and 3) for each observer. When a 1-sec duration is used for large separations (columns 9 and 15 of Table 2 and columns 7 and 12 of Table 3 ) foveal and peripheral thresholds improved slightly by 30 to 100% (Fig. 4) . This is comparable with the 30% improvement obtained for the localization task at a separation of 6.7 min in the fovea with an increase in duration from 100 to 400 msec recently reported by Burbeck. 2 4 However, for the small separations (columns 8 and 14 of Table 2 and columns 6 and 11 of Table 3 ), the results are dramatically different; the improvement was only 50% at 10-deg eccentricity, but it was 300-400% in the fovea (Fig. 4) .
EXPERIMENT 3
When the longer duration of 1 sec was used, the thresholds became markedly improved (300-400%) for separations of 1.2-1.5 min in the fovea but not for the corresponding separations of 20-30 min at 10-deg eccentricity in the periphery.
In the three-line bisection task with a long duration, a luminance cue is present foveally for very small separations; i.e.,
for separations between 0.8 and 2 min, the bars appear blurred, and offsetting the center bar downward, for example, caused the gap between the test and the upper reference bar to appear darker than the lower gap. 22 We noticed that the same luminance change could be detected at small separations foveally in our three-dot bisection task. At 10-deg eccentricity, the comparable separations were 20-30 min, more than loX wider than the separations at the fovea. The change in the optics of the eye within the central 10-deg field is slow. 23 Although accommodating to a foveal fixation point may result in blurring of the stimulus at 10-deg eccentricity, it is unclear how much of a luminance cue is provided by this blur at these separations. Thus blurring the stimulus optically provides a means to test whether performance improves with blur at relatively small separations in the periphery. To investigate this, we measured thresholds by using a 1-sec duration for the smallest separations at 10 deg with and without +0.5-D net blur after compensating for the viewing distance. All procedures were identical to the ones in experiment 2.
We found that, for a 1-sec duration, performance at 10-deg eccentricity improved slightly with optical defocus for both observers (Fig. 4 and Tables 2 and 3 ).
DISCUSSION
We investigated how a one-dimensional positional task var- .00 e whole to a single scaling factor for each observer. This scaling factor, which corresponds to the eccentricity at which the foveal threshold doubles, was 0.6 deg. It is well within the 0.3-1.0-deg range derived from recent anatomical and physiological estimates of the change in cortical magnification with eccentricity 5 -7 but outside the 2.2-8-deg range for contrast sensitivity.8- 1 1 The peripheral contrast-sensitivity functions alone are not able to account for the degraded position acuity. For example, at 5-deg eccentricity, the cutoff spatial frequency is degraded threefold in comparison with the fovea, but positional acuity is degraded tenfold. This conclusion was reached independently by Wilson through his attempts to model peripheral hyperacuity. 2 5 Nor can the impairment in bisection performance beyond 2-deg eccentricity be attributed to the disorder in the cone mosaic that increases by less than a factor of 2 from 0.7-to 2-deg eccentricity and is constant from 2 to 6 deg. 26 Since the three-dot bisection functions become identical (see Fig. 3 ) when represented at a cortical level (in terms of E*), we suggest that the decrease in cortical representation away from the fovea is responsible for the positional acuity in the periphery. Positional acuities appear to be limited by striate anatomy and physiology. The functions of three-dot bisection thresholds against dot separation were shown to have the same V shape at all eccentricities (Fig. 2) . We suggest that the descending branch of the V results from the interfering presence of the bilateral reference features because threshold elevation was shifted to much smaller separations when a reference dot was removed, i.e., in two-dot separation discrimination (to be published elsewhere). This is consistent with the finding that unilateral flanking does not interfere with judging lineorientation sensitivity but that bilateral flanking does. 2 7 In the presence of flanking stimuli, masking or "crowding" of the two-dot vernier task started at separations of less than 10% of the effective eccentricity E*, where E* = E + 0.77 and E is the eccentricity of the task in degrees. 8 Similarly, in abutting multiple-line vernier alignment 8 and three-dot bisection (Fig. 3) , the descending limb of the function also starts at a feature separation within 10% E*. These tasks have something in common-the presence of features in the direction of offset. This is not the case for two-dot vernier alignment, in which the change in the feature separation corresponding to the optimal thresholds is 3-8 times slower than deterioration of the thresholds from 0 to 10 deg. 18 These results are consistent with the finding that two-dot vernier thresholds are most elevated by the presence of features adjacent to the reference dot when they are separated along a line parallel to the direction of vernier offset. 8 Thus we suggest that masking of the stimulus offset by the reference features occurs at separations of less than 0.1 E* in three-dot bisection but not in the unflanked two-dot vernier alignment. These results further support the idea that, when closely separated features fall within the same psychophysical processing modules (limited spatial compartments in which features are localized relative to one another 2 8 ), the threshold deterioration is due to the limited processing capability of each module. 8 For the longer duration of 1 sec, the thresholds became markedly improved (3-4X) for small separations in the fovea but not for the corresponding separations at 10-deg eccentricity. We argue that this difference is linked to a luminance cue that is present in our three-dot bisection task at small separations in the fovea. A similar cue was found for very small separations in the three-line bisection task with a 0.5-and 1-sec duration, 22 and detailed modeling showed that the luminance cue could be visible, based on the sensitivity of the spatial filters. Further evidence pointing to a luminance cue is our finding that optical defocus in the periphery improved performance for a 1-sec viewing duration.
Although optical defocus provides a convenient means for investigating whether the foveal luminance cue is related to the optics of the eye, it is less than ideal because of the loss of contrast with the induced blur, the uncertainty about the optimal amount of blur required, and the possibility that the periphery may already be slightly blurred from inaccuracies of accommodation at 0.56 m. This may be the reason why the defocus produced only a small improvement. Our explanation is in agreement with a suggestion that hyperacuity in the periphery will benefit from optical blur that permits greater interpolation than is otherwise possible from the sparse sampling of the cone mosaic. 2 9 With long durations, performance also improves slightly at all separations in the periphery and at large separations in the fovea, but this cannot be due to the luminance cue (see allow more information to be gained temporally, i.e., temporal probability summation.
3 0 Although scanning eye movements may be used to gain more spatial information, we think that the local nature of our stimuli prevents this from being useful.
Phase discrimination of sine-wave stimuli has been reported to be nonexistent in comparison with contrast detection extrafoveally. 31 On the other hand, our three-dot bisection task, which can be regarded as a simplified spatialphase task, could certainly be carried out extrafoveally. These results may not necessarily be incompatible. We have shown that, unlike contrast sensitivity, bisection thresholds worsen in absolute units, even after the stimulus size is scaled by a stronger scaling factor than the 2.5-deg value of E 2 used by the above investigators. In addition, we used localized stimuli that were highly visible and a viewing duration of 150 msec, whereas these investigators used repetitive stimuli with stimulus contrasts of only 10 and 30% and a duration of 47 msec.
In conclusion, we found that the rate of change in positional acuity (of briefly presented and localized stimuli) from the fovea to the periphery is compatible with anatomical and physiological estimates of the change in striate cortical magnification. For separations less than 10% E* and a short duration, threshold elevation occurs at all eccentricities. Based on our results, taken in conjunction with data of Westheimer and Hauske1 5 and Levi et al., 8 we hypothesize that this elevation is dependent on the presence of features in the direction of offset and, for the fovea, on the stimulus duration. For prolonged durations, the foveal performance at small separations improves markedly in comparison with the periphery. We attribute this to the optics of the eye and retinal processing that provide a luminance cue at very small separations in the fovea.
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